Abstract Chylomicron remnants have been suggested to be involved in the development of atherosclerosis. To investigate the mechanisms of chylomicron remnant-induced atherosclerosis, we prepared cholesterol (Chol)-containing emulsion particles as models for chylomicron remnants. Chol markedly increased the apolipoprotein E (apoE) binding maximum of emulsions without changing the binding affinity and thereby promoted emulsion uptake by J774 macrophages. Fluorescence measurements showed that Chol increased acyl chain order and head group hydration of the surface phospholipid (PL) layer of emulsions. The binding maximum of apoE was closely correlated with the hydration and the increase in the PL head group separation at the emulsion surface. From experiments using inhibitors for lipoprotein receptors, heparan sulfate proteoglycans and low density lipoprotein receptor-related protein were found to be the major contributors to the uptake of Chol-containing emulsions. Trypan blue dye exclusion revealed that the uptake of Chol-containing emulsions induced cytotoxicity to J774 macrophages. This study proposes a mechanism of atherosclerosis induced by chylomicron remnants. -Sakurai, A., S. Morita, K. Wakita, Y. Deharu, M. Nakano, and T. Handa. Effects of cholesterol in chylomicron remnant models of lipid emulsions on apoE-mediated uptake and cytotoxicity of macrophages. J. Lipid Res. 2005. 46: 2214-2220.
In the postprandial state, nascent chylomicrons are secreted into the lymphatic system and enter the circulation via the thoracic duct. In the capillary beds of peripheral tissues, chylomicron remnants are formed after the lipoprotein lipase-mediated hydrolysis of triglycerides (1, 2) . It has been suggested that chylomicron remnants are related to the development of atherosclerosis for the following reasons: hyperchylomicronemia leads to premature atherosclerosis, although cases show low levels of LDL (3), and remnant-like particles containing apolipoprotein E (apoE) have been isolated from human aortic intima and atherosclerotic plaque (4, 5) . It has also been demonstrated that chylomicron remnants are able to penetrate to the arterial wall, are retained in the subendothelial space (6) , and induce the foam cell formation of macrophages (7) and apoptosis in endothelial cells (8) . However, the mechanisms of chylomicron remnant-promoted atherosclerosis are not clear.
Chylomicron remnants are rich in apoE, which plays a crucial role in lipoprotein metabolism through specific interactions with cell membrane receptors (9, 10) . Monocyte-derived macrophages play an important role in the formation of atherosclerotic lesions. The lesions are initiated by the formation of fatty streaks in the artery, when macrophages in the vessel wall take up lipoproteins from the subendothelial space (11, 12) . Chylomicron remnants are metabolized by monocyte-derived macrophages (13, 14) . Free cholesterol (Chol) is a major surface lipid of chylomicron remnants (15) . Macrophages accumulate Chol in advanced atherosclerotic lesions, resulting in macrophage apoptosis and the progression of the lesions (16) . Chol loading induces downstream apoptotic events in cultured macrophages (17, 18) . It has been demonstrated that chylomicron remnants are cytotoxic to macrophages and smooth muscle cells (7, 19) , but no studies have reported the effect of Chol in chylomicron remnants on the viability of macrophages.
Several studies have shown that the lipid composition of lipoproteins and lipid emulsions influences their meta-bolic properties (20) (21) (22) . The amount of Chol plays an important role in chylomicron metabolism. The regulation of the metabolic behavior is thought to arise from Chol's effect on the binding of apolipoproteins to the particle surface (23) . Our previous study demonstrated that surface Chol in triglyceride-phosphatidylcholine (PC) emulsions decreased the binding capacity of apoA-I without changing the binding affinity (24) .
In this study, to investigate the mechanisms of chylomicron remnant-induced atherosclerosis, we used Chol-containing emulsion particles as models for chylomicron remnants and evaluated the effects of Chol enrichment on apoE-mediated emulsion uptake by J774 macrophages and the resulting cytotoxicity. We also examined the influence of Chol enrichment on the physical state of phospholipid (PL) layers at the emulsion surface by fluorescence measurements.
EXPERIMENTAL PROCEDURES

Materials
Recombinant human apoE (isoform E3) was provided by Pepro Tech EC Ltd. (London, UK). Egg yolk PC was generously provided by Asahi Kasei Co. (Tokyo, Japan). Triolein (TO), heparin, Chol, egg yolk sphingomyelin (SM), and BSA were purchased from Sigma Chemical Co. (St. Louis, MO). 1-Pyrenemethyl 3 ␤ -( cis -9-octadecenoyloxy)-22,23-bisnor-5-cholenate (PMC-oleate) and 1-palmitoyl-2-[3-(diphenylhexatrienyl)propionyl] sn -3-phosphatidylcholine (DPH-PC) were obtained from Molecular Probes (Eugene, OR). N -(5-Dimethylaminonaphthalene-1-sulfonyl)dipalmitoylphosphatidylethanolamine (dansyl-PE) was obtained from Avanti Polar Lipids (Alabaster, AL). Bovine lactoferrin and trypan blue were purchased from Wako Pure Chemicals (Osaka, Japan). All other chemicals used were of the highest reagent grade.
Preparation of emulsions
Two types of emulsions, Chol-free (TO-PC) emulsion and Cholcontaining (TO-PC/Chol, with a molar ratio of PC/Chol ϭ 3:2) emulsion, were prepared using a high-pressure emulsifier (Nanomizer System YSNM-2000AR; Yoshida Kikai Co., Nagoya, Japan) as described previously (25) . Briefly, a mixture of TO, PC, and Chol was suspended in 10 mM Tris-HCl buffer (pH 7.4) containing 150 mM NaCl, 1 mM EDTA, and 0.01% NaN 3 and successively emulsified under 100 MPa of pressure at 40-60 Њ C. After the removal of contaminating vesicles by ultracentrifugation, homogenous emulsion particles were obtained. The mean particle diameter of TO-PC and TO-PC/Chol emulsions was ‫ف‬ 120 nm, determined from dynamic light-scattering measurements using Photal LPA-3000/3100 (Otsuka Electronic Co., Osaka, Japan). The concentrations of PL, TO, and Chol were determined using enzymatic assay kits purchased from Wako Pure Chemicals. We confirmed that the surface PC and Chol composition of isolated emulsions was the same as that of the starting lipid mixtures (PC/Chol ϭ 3:2) and that isolated emulsions contained the expected amount of Chol. The molar ratios of core TO to total surface PL for isolated TO-PC and TO-PC/Chol emulsions were 4.95 Ϯ 0.07 and 5.21 Ϯ 0.13, respectively.
Cell cultures
J774 macrophages were grown in a humidified incubator (5% CO 2 ) at 37 Њ C in DMEM supplemented with 10% heat-inactivated FBS, l -glutamine, penicillin, and streptomycin. The FBS was replaced with 1% BSA 15 min before each experiment. Experiments were performed in DMEM containing 1% BSA.
Cell uptake assays
The cells were incubated with PMC-oleate-labeled emulsions (250 M TO) at 37 Њ C for 2 h. For experiments with apoE, PMColeate-labeled emulsions were preincubated with apoE at 37 Њ C for 30 min, allowing sufficient time for equilibrium binding (26) . After incubation, the cells were chilled on ice and washed twice with cold Hepes buffer containing 0.2% BSA and then washed twice with cold Hepes buffer alone. Cells were then dissolved in 0.2% Triton X-100. The fluorescence intensity of PMC-oleate (excitation, 342 nm; emission, 377 nm) measured with a Hitachi F-4500 spectrofluorometer and protein concentration were determined by the method of Lowry et al. (27) to calculate particle uptake.
Cell viability assay
Cell viability was assayed by trypan blue dye exclusion (28) . The cells were incubated with emulsions (5 mM TO) at 37 Њ C for 18 h. After incubation, emulsions were removed and replaced with 0.4% trypan blue solution. Macrophages were immediately examined for trypan blue uptake using an Olympus IX70 inverted microscope.
ApoE binding studies
ApoE binding assays were performed in Tris-HCl buffer (pH 7.4) according to the method described previously (24) . Briefly, after the incubation of emulsions with recombinant apoE for 30 min at 37 Њ C, the mixtures were subjected to ultracentrifugation to separate both emulsions and lipid-bound apoE from free apoE. The free apoE concentration was determined by measuring tryptophan fluorescence at 335 nm (excited at 280 nm) with a Hitachi F-4500 spectrofluorometer. The amount of lipid-bound apoE was calculated by subtracting the background amount of free apoE obtained in the top fraction from the amount found by centrifugation of lipid-free apoE solution (26) . From the binding isotherms of apoE to emulsions, the binding parameters dissociation constant ( K d ) and binding maximum ( N ) were obtained.
Fluorescence measurements
For fluorescence measurements, emulsions were prepared with the fluorophore to yield probe/PL ratios of 1:200 for DPH-PC and 1:100 for dansyl-PE. Measurements of steady-state fluorescence anisotropy of DPH-PC were performed on a Hitachi F-4500 spectrofluorometer with an excitation wavelength of 360 nm and an emission wavelength of 434 nm. Measurements of the fluorescence lifetime of dansyl-PE were carried out with a Horiba multichannel-TAC NAES-550 system. Dansyl-PE was excited through a Hoya U350 bandpass filter, and emission was observed through a Hoya Y48 cutoff filter.
Statistical analysis
Differences between two group means were determined using the nonpaired t -test, and differences among multiple group means were determined using the Bonferroni test. Differences were considered significant at P Ͻ 0.05.
RESULTS
Effects of apoE on emulsion uptake by J774 macrophages
We examined the contribution of apoE to the uptake of TO-PC and TO-PC/Chol emulsions by J774 macrophages.
As shown in Fig. 1 , the cellular uptake of both emulsions increased with the apoE concentration. In the absence of apoE, the uptake of TO-PC/Chol emulsions was similar to that of TO-PC emulsions. In the presence of apoE, the uptake of TO-PC/Chol emulsions was significantly higher than that of TO-PC emulsions.
To determine which lipoprotein receptors on J774 macrophages are involved in the interaction with emulsion particles, we performed experiments using inhibitors of lipoprotein receptors. Cell-surface heparan sulfate proteoglycans (HSPGs) and low density lipoprotein receptorrelated protein (LRP) play a critical role in apoE-enriched remnant uptake. Remnants interact with HSPGs and are either transferred to the LRP for internalization or taken up directly with the HSPG-LRP complex (10) . We tested whether cell surface HSPGs and LRP are involved in apoEmediated emulsion uptake by incubating J774 macrophages with emulsions in the presence of 100 g/ml heparin or 5 mg/ml lactoferrin ( Fig. 2 ) . Heparin, which is known to impede the binding of apoE-containing lipoproteins with HSPGs (29-32), significantly reduced the apoEmediated uptake of TO-PC and TO-PC/Chol emulsions. Lactoferrin, which blocks LRP and interferes with the HSPG-mediated remnant uptake (33, 34) , significantly inhibited the apoE-mediated uptake of TO-PC and TO-PC/ Chol emulsions. It has been reported that the uptake of chylomicron remnants by macrophages is mediated primarily by the LDL receptor (35) . We also examined whether the LDL receptor participates in apoE-mediated emulsion uptake by incubating J774 macrophages with emulsions in the presence of LDL containing 100 g/ml apoB-100. As shown in Fig. 2 , LDL reduced the apoE-mediated uptake of TO-PC and TO-PC/Chol emulsions. However, the degree of inhibition by LDL was small compared with that of heparin or lactoferrin. Consequently, the HSPG-LRP pathway was presumed to be a major contributor to the apoE-mediated uptake of TO-PC and TO-PC/Chol emulsions.
Cytotoxicity of emulsion particles to J774 macrophages
We explored J774 macrophage viability when cells were incubated with TO-PC or TO-PC/Chol emulsions. Figure  3 shows J774 macrophage death ascertained by trypan blue dye exclusion after 18 h of incubation. There was no 2 . Effect of inhibitors on the uptake of emulsions by J774 macrophages. J774 macrophages were incubated for 2 h at 37ЊC with TO-PC or TO-PC/Chol (3:2) emulsions (250 M TO) with 4 g/ml apoE in the absence (control; white bars) or presence of 100 g/ml heparin (black bars), 5 mg/ml lactoferrin (light gray bars), and LDL containing 100 g/ml apoB (dark gray bars). The mean particle diameter of the emulsions was ‫021ف‬ nm. The results are expressed as percentages of the emulsion uptake measured in cells incubated with no inhibitors. Values shown are means Ϯ SEM of triplicate measurements. * Significantly different from control (P Ͻ 0.05). significant change in viability for up to 18 h of exposure to TO-PC emulsions with or without apoE. On the other hand, in TO-PC/Chol emulsions, apoE markedly increased cell death: ‫ف‬ 55% of J774 macrophages died. Incubation with only apoE did not affect J774 macrophage viability (data not shown).
ApoE binding to emulsion particles
To examine the effect of surface Chol on the binding of apoE to the emulsion surface, we performed binding analysis of apoE using a centrifugation assay. Figure 4 shows the binding isotherms of apoE to TO-PC and TO-PC/Chol emulsions. Although apoE evidently bound to both particles in a saturable manner, replacement of surface PC by Chol markedly increased the amount of apoE binding. From the binding data, the dissociation constant K d and the binding maximum N were obtained ( Table 1 ) . Chol in the emulsion surface increased the binding capacity of apoE significantly without changing the affinity. Based on our previous finding on the relationship between cell uptake and the amount of bound apoE in lipid particles (22) , it is suggested that the increased uptake of Chol-containing emulsions was attributable to the increase in bound apoE.
Effects of Chol on acyl chain order and head group hydration at the emulsion surface
To investigate the effects of Chol on the surface properties of lipid emulsions governing apoE binding, we performed fluorescence measurements with DPH-PC and dansyl-PE. Table 2 shows the results of steady-state fluorescence anisotropy of DPH-PC and the mean fluorescence lifetime of dansyl-PE. The anisotropy value at the TO-PC/ Chol emulsion surface was much higher than that at the TO-PC emulsion surface, reflecting the fact that the acyl chain region of the TO-PC/Chol emulsion surface layer is more rigid. The mean fluorescence lifetime of dansyl-PE was used to evaluate PC head group hydration at the lipid particle surface. Dansyl fluorophores are located at the PC head group region in membranes (36, 37) , and the lifetime of the excited state reflects their local polarity, to which water is the major contributing factor (38) . The mean fluorescence lifetime in TO-PC/Chol emulsions is shorter than that in TO-PC emulsions, indicative of an increase in head group hydration at the TO-PC/Chol emulsion surface.
Correlation between emulsion surface structure and apoE binding maximum
We next investigated the correlation between the emulsion surface structure and the apoE binding maximum in TO-PC, TO-PC/Chol, and TO-PC/SM emulsions. We have shown that incorporation of one of the major lipids of lipoprotein, SM, into the emulsion surface reduces the apoE binding maximum (21) . We first examined the relationship of apoE binding maximum with steady-state fluorescence anisotropy of DPH-PC, but there was no appreciable correlation ( Fig. 5A ) . Next, we investigated the correlation with the mean fluorescence lifetime of dansyl-PE. The lifetime reflects local polarity or hydration between PC head groups at the surface layer (21) . The negative correlation between the apoE binding maximum and the lifetime (Fig. 5B) indicated that the amount of hydration between PC polar head groups [i.e., separation between the head groups (39)] plays a crucial role in apoE binding.
DISCUSSION
The Chol/PC ratio of rat lymph chylomicrons is 0.15-0.3. As has been reported, if the Chol/PC ratio is Ͼ 0.15-0.3, the emulsion behaves as remnant-like particles (23) and mimics the action of chylomicron remnants. Windler, Preyer, and Greten (40) have shown that the Chol/PL ratio of the remnant fraction ( d ϭ 1.009-1.016 g/ml) of human serum in the postprandial state is close to 1. In the present study, the Chol/PC ratio of Chol-containing emul- by guest, on October 20, 2017 www.jlr.org Downloaded from sion is 2:3 and can be applied as a chylomicron remnant model. Our results showed that Chol enrichment on the particle surface leads to PC head group separation and hydration (Table 2 ). Similar effects of Chol have been reported for PC vesicles (24, 39) . We showed a correlation between the degree of PC head group hydration and the apoE binding maximum (Fig. 5B) . We have also reported a close relationship between the degree of PC head group hydration or separation at the lipid particle surface and the apoA-I binding maximum (39) . Both apoE and apoA-I have several amphipathic helical segments that are thought to be responsible for lipid binding. It has been shown that lipid binding of apoE induces conformational opening in the N-terminal domain, which exposes the hydrophobic faces of four helices, permitting their direct contact with the lipid surface (41) . Such a conformation of apoE would lead to large packing stress at the lipid surface layers, and it is believed that the inverse wedge-shaped lipid, Chol, at the emulsion surface releases the stress and increases the number of binding sites for apoE. In addition, our data demonstrated that the acyl chain packing is not a determining factor in apoE binding (Fig. 5A) . It is suggested that apoE binds to TO-PC/Chol emulsions through insertion between the PC head groups but does not penetrate deeply into the hydrocarbon interior.
The major change in protein composition during the conversion of chylomicrons to chylomicron remnants is the acquisition of apoE. It has been reported that the Chol/triglyceride ratio is increased by 17-fold in chylomicron remnants compared with chylomicrons (8) . Therefore, chylomicron remnants are Chol-and apoE-enriched particles created by lipolysis. The Chol enrichment on the chylomicron remnant surface may contribute to the acquisition of apoE by increasing separation between the PC head groups.
Chylomicrons are too large to infiltrate into the vessel wall across the endothelial layer, but the diameter of chylomicron remnants is small enough to penetrate the endothelium (6) . One of the important events in the development of atherosclerosis is the uptake of chylomicron remnants by macrophages. When macrophages take up chylomicron remnants, the cells are transformed to foam cells and secrete toxic oxidizing agents (7) . Our data demonstrate that apoE promotes the J774 macrophage uptake of TO-PC/Chol emulsions as a result of the increased number of apoE bindings.
The uptake of chylomicron remnants by monocytes and macrophages could be mediated through several pathways. These include the LDL receptor (35) , other members of the LDL receptor gene family, including the LRP and the very low density lipoprotein receptor (42) , the scavenger receptor family, and the human triglyceride-rich lipoprotein receptor (43) . It is also reported that the degradation of chylomicron remnants by macrophages occurs via phagocytosis (7) . Recently, a macrophage receptor for apoB-48 was cloned (44) . Our findings in this work demonstrate that the HSPG-LRP pathway plays an important role in apoE-mediated emulsion uptake by J774 macrophages. HSPGs act as potential receptors for atherogenic lipoproteins or facilitate their uptake by ligand transfer to LRP (45) . LRP is a multiligand receptor that binds apoE-containing remnant lipoproteins and other proteins and is less strictly regulated by intracellular lipid level than the LDL receptor (46) . Therefore, it is suggested that HSPG-LRP routes perform a major role in chylomicron remnant-induced atherosclerosis.
ApoE is expressed within atherosclerotic lesions. Although it can enter the artery wall from the periphery, a large fraction of the protein is synthesized locally by resident macrophages, as indicated by the abundant apoE mRNA detected in lesions of both humans and rabbits (47) . The role of apoE in atherosclerosis is still controversial: apoE is proatherogenic by promoting macrophage uptake and the degradation of Chol-rich lipoproteins (48) , or atheroprotective by facilitating cellular Chol efflux (49) and inhibiting lipoprotein aggregation induced by sphingomyelinase (50) . Because J774 macrophages do not synthesize apoE (51), it is not necessary to take account of the influence of endogenous apoE. Our findings Tables 1 and 2. by guest, on October 20, 2017 www.jlr.org
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indicate that apoE increases the uptake of atherogenic Chol-rich particles by macrophages and that these particles possibly play a role as a proatherogenic factor.
In more advanced lesions, the death of cells occurs, and this produces necrotic cores of atherosclerotic plaque (52) . Several studies have suggested that remnants of postprandial lipoproteins are cytotoxic to macrophages and smooth muscle cells. Chung et al. (19) demonstrated that large quantities of nonesterified fatty acids liberated after lipolysis are the principal cytotoxic component of remnant lipoproteins. Yu and Mamo (7) found that in macrophages, chylomicron remnants are internalized via a phagocytosislike process and that a consequence of this pathway is a respiratory burst and free radical production. These free radicals are conjectured to bring about the cytotoxicity of chylomicron remnants. On the other hand, it has been established that excess free Chol is toxic to cells (53) . Cells, including macrophages, have several mechanisms to prevent the accumulation of excess free Chol, such as Chol esterification by ACAT (54) and cellular efflux of Chol (55) . When one or more of these mechanisms do not work well, cell death follows, as seen in advanced atherosclerotic lesions. Feng et al. (18) have reported that excess cellular Chol induces apoptosis in macrophages by unfolded protein response induction in the endoplasmic reticulum. Hence, a possible explanation for TO-PC/Chol emulsion-induced cytotoxicity may be the induction of apoptosis in macrophages. Other mechanisms of cellular toxicity associated with excess Chol accumulation include intracellular Chol crystallization (56) . Intracellular Chol crystals can probably damage cells by physically disrupting the integrity of intracellular structures. An alternative mechanism of TO-PC/Chol emulsion-induced cytotoxicity may be this crystallization in macrophages.
In conclusion, an enhancement in the apoE binding capacity of Chol-containing emulsions, caused by an increase in PC head group separation at the emulsion surface, promotes HSPG-and LRP-mediated uptake by macrophages. Furthermore, this apoE-mediated uptake of Chol-containing emulsion induces cellular toxicity to macrophages. We presume that, by a mechanism similar to that of Chol-rich emulsions, chylomicron remnants play a role in the development of atherosclerosis. 
